Gamma-glutamyltranspeptidase (GGT-EC 2.3.2.2) activity and glutathione (GSH) content were measured in livers of female weanling Wistar rats (N = 5-18), submitted to rice-and-bean diets (13 and 6% w/ w protein), both supplemented or not with DL-methionine (0.5 and 0.23 g/100 g dry diet, respectively). After 28 days, the rats on the riceand-bean diets showed significantly higher levels (four times higher) of liver GGT activity and a concomitant 50% lower concentration of liver GSH in comparison with control groups feeding on casein. The addition of DL-methionine to rice-and-bean diets significantly increased the liver GSH content, which reached levels 50% higher than those found in animals on casein diets. The increase in GSH was accompanied by a decrease in liver GGT activity, which did not reach levels as low as those observed in the control groups. No significant correlation could be established between GGT and GSH changes under the present experimental conditions. Linear correlation analysis only revealed that in animals submitted to unsupplemented rice-andbean diets GSH concentration was positively associated (P<0.05) with weight gain, food intake and food efficiency. GGT, however, was negatively correlated (P<0.05) with food intake only, and exclusively for supplemented rice-and-bean diets. The high levels of GGT activity observed in the present study for rats receiving a rice-and-bean mixture could be a result of the poor quality of these diets associated with their deficiency in sulfur amino acids. The results also suggest that diet supplementation with methionine could be important in the reduction of the deleterious effects of GSH depletion by restoring the intracellular concentration of this tripeptide. 
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Reduced glutathione (GSH; g-glutamylcysteinylglycine) is the major nonprotein thiol constituent of cells and plays an important role in the intracellular protection against toxic compounds (1, 2) . Of the three constituent amino acids of GSH, cysteine is the most limiting for GSH synthesis (3, 4) . The most important source of cysteine is dietary intake, either directly as a constituent of dietary protein, or indirectly through conversion from methionine via the cystathionine pathway (3) (4) (5) . As a result, methionine can function as a cysteine precursor and both methionine and cysteine may participate in drug metabolism as GSH precursors. Although the mechanism involved is not completely understood, the lack of a precursor is likely to contribute to a decreased tissue GSH concentration (4, 6) . In rats on diets of varied protein content, plasma cysteine is the best indicator of liver GSH concentration (7) . The protein status of the animals, therefore, has an influence on the regulation of GSH levels. In fact, the concentration of hepatic GSH is reduced in cases of protein-energy malnutrition (6) (7) (8) , but malnourished rats are able to replenish GSH when sulfur amino acids or methyl donors are provided (6, 9) .
Furthermore, the feeding of diets deficient in methionine and methyl donor compounds produces fatty livers (10) and increases hepatic gamma-glutamyltranspeptidase (GGT; EC 2.3.2.2) activity. In a previous study (de-Oliveira IMV and De-Angelis RC, unpublished results), growing rats on legume-based diets (as bean or rice-andbean diets), which are known to be deficient in sulfur amino acids, showed a significant increase in the activity of this enzyme. GGT, which is a cell enzyme bound to the plasma membrane, catalyzes the transfer from the gamma-glutamyl moiety originating from GSH and other gamma-glutamyl compounds to a variety of amino acids and peptides (4); it is also the only enzyme able to degrade GSH (1), thus being involved in protein synthesis and amino acid transport, since it mobilizes cysteine from the liver GSH pool (10, 11) . It has been suggested that GGT can confer resistance against free radical-induced toxicity related to GSH depletion on drugmetabolizing cells (12) . Elevated activity of this enzyme has also been associated with conditions of protein-calorie deprivation (13) .
In Brazil, where traditional rice-and-bean mixtures constitute the most important dietary source of protein for various strata of the population, protein-calorie malnutrition is currently considered to be a public health problem. In view of the response of GGT and GSH to protein-calorie malnutrition, it seemed interesting 1) to determine the effect of a diet deficient in sulfur amino acids based on a rice-and-bean mixture on both hepatic GGT activity and GSH content, 2) to determine if DL-methionine added to these diets would be effective in increasing hepatic GSH concentration, and 3) to determine the GSH to GGT relationship under the above conditions.
Female weanling Wistar rats initially weighing 41.7 ± 3.7 g were obtained from the Central Animal House of the School of Medicine, University of São Paulo, and placed individually in suspended galvanized iron cages kept in a room with controlled temperature (25 o C) and humidity (~60%). Lights were on from 7:00 a.m. to 7:00 p.m. The rats were randomly assigned to six different treatment groups of 5 or more animals each. Each group was fed either a casein-based (13 and 6% w/w protein) or a rice-and-bean-based (13 and 6% w/w protein) semi-purified diet supplemented or not with DL-methionine, and prepared following most of the recommendations of the American Institute of Nutrition for rodent diets. The composition of the casein-based diet was (in weight): 10% sucrose, 8% corn oil, 3.5% mineral mixture (14), 1.0% vitamin mixture (14), 1.0% cellulose and 76.5% cornstarch. The rice (Oryza sativa L. var. Agulhinha) and the beans (Phaseolus vulgaris L. var. Carioca) for the rice-and-bean diet were obtained commercially. The preparation of the rice-and-bean diet con-sisted of the following steps: soaking in water (2:1 and 4:1 w/v, respectively), cooking (20 and 180 min, respectively), drying (for 12 h in a ventilated stove), grinding (0.297 mm), and mixing (1:1 w/w). The resulting rice-and-bean mixture was analyzed for nitrogen by the micro-Kjeldahl method and its protein content was estimated using the factor 6.25. According to their content of fat, minerals and vitamins, the 13 and 6% rice-and-bean mixtures were supplemented with corn oil (4 and 6%, respectively), a mineral mix (1.5 and 2.2%, respectively), and a vitamin mix (0.5 and 0.8%, respectively). Since the casein (77.6% protein) and the rice-and-bean mixture (14.4% protein) contain 2.2 and 0.2 g methionine/ 100 g, respectively, both protein sources were adjusted to a common level of 0.7% methionine content by the addition of DL-methionine (0.5 and 0.23 g/100 g dry diet, respectively). The two levels of protein content (13 and 6%) were obtained by adding cornstarch and sucrose. All diets were practically isocaloric (4.1 to 4.3 cal/g diet). All rats had free access to food and water for 28 days. Weight gain and food intake were recorded on alternate mornings between 9:00 and 11:00 a.m.
At the end of the 28-day experimental period the animals were sacrificed by cardiac puncture under ether anesthesia. Livers were rapidly removed and weighed and fragments were immediately used for GGT and GSH analyses; the remaining tissue was frozen and stored at -30 o C for subsequent analysis. The liver samples were homogenized in a medium containing 1.21 M mannitol, 0.07 M sucrose, and 0.1 mM EDTA, adjusted to pH 7.4. Aliquots of this homogenate were used for the determination of GGT activity (15) . The same volume of cold 1.2 N perchloric acid, containing 2 mM EDTA, was added to this homogenate, and the mixture was centrifuged (15,000 g for 10 min) for the separation of the acid supernatant. All procedures were performed at 4 o C. The acid supernatant was used to estimate reduced glutathione (16) . Protein content was determined by the method of Lowry et al. (16) . All data are reported as means ± SD and were analyzed either by ANOVA or by the Kruskal-Wallis test (the latter, when Bartletts test showed no variance homogeneity). Differences were accepted as significant at P<0.05. Pearson correlation coefficient for continuous variables was calculated.
At the end of the experiment, the rats ingesting the 13 and 6% rice-and-bean diets had a 62.6 and 84.7% lower body weight gain than the rats receiving the 13 and 6% casein control diets (Table 1) . A reduction of dietary protein from 13 to 6% reduced by 25.1% the body weight gain of rats feeding on casein and by 69.5% the weight gain of rats feeding on rice and beans. These body weight alterations paralleled a reduction of food intake of 4.4% for control rats and of 33.2% for rats fed rice and beans. The reduction in protein ingestion was more pronounced in animals submitted to riceand-bean diets than in animals submitted to casein diets (69.2 vs 56.1%). The food efficiency reflected these results, being significantly lower, both due to protein restriction and to rice-and-bean consumption, which clearly showed the qualitative inferiority of rice-and-bean protein.
The addition of methionine to the riceand-bean diets reduced these differences. At both levels of dietary protein, a significant increase in food intake, protein intake, and weight gain was observed in rats on the diets supplemented with methionine as compared to rats on unsupplemented diets (Table 1) . Supplementation also significantly increased food efficiency. However, the ingestion of food, the food efficiency, and the body weight gain were consistently lower than the same parameters observed in rats submitted to the casein diets (of the same protein content).
The effects of protein content and methionine supplementation on hepatic GGT activity and GSH concentration are shown in Table 2 . Protein depletion significantly decreased the liver GSH concentration by 35%, for rats on the rice-and-bean mixture. In the animals submitted to the supplemented riceand-bean diets, the GSH concentration significantly increased and exceeded the level found in animals on casein diets. No significant effects of protein level were observed on the increase of GSH resulting from the addition of sulfur amino acids. When amino acids containing sulfur are limited in a diet, there is an expected reduction in hepatic GSH levels (5, 6, 8) . However, when sulfur amino acids or methyl donors are supplied, malnourished rats are able to replenish GSH to higher levels than those found in control animals (6, 8, 9) . The present data agree with the cited studies and corroborate the relationship between increases in hepatic GSH concentration and DL-methionine supplementation under conditions of protein deficiency. This fact could be taken as an indication of an abnormal homeostatic regulation of liver GSH in proteincalorie restriction under conditions of cysteine availability. One possible mechanism for this loss of the homeostatic control of hepatic GSH concentration could be a disruption of the hormonal regulation since GSH synthesis is insensitive to regulation by c-AMP in rats with protein-energy malnutrition (8) . Other studies have suggested that protein-malnourished rats may retain their capacity of synthesizing GSH when an adequate substrate is provided, which could be regarded as a mechanism to preserve cysteine for use when its availability is low (5) . Under conditions of low cysteine availability, its utilization is favored in GSH synthesis, although sulfate and taurine also increase substantially on a molar basis with increasing cysteine concentration (5) . This fact emphasizes the essential role played by GSH as a metabolite that functions as a vehicle for cysteine delivery. Previous re- Table 2 -Effect of protein restriction on GGT activity, GSH concentration and protein concentration in the liver of rats during growth (22-50 days of age).
Data are reported as means ± SD (N = 5-18). In any one column, the values of the means marked with different superscripts are significantly different (P<0.05, ANOVA test for two groups). U = µmol of p-nitroaniline released/min, at 37 o C; DL-met = DLmethionine. ports (9, 10, 18) have provided some evidence that liver GSH can function as an endogenous cysteine reservoir during starvation and can provide cysteine for protein synthesis during periods of inadequate cysteine intake (9, 18) . The breakdown of GSH occurs extracellularly and is catalyzed by GGT (10), which is bound to the external surface of cell membranes (4) . In the present study, liver GGT activity accompanied alterations of liver GSH content. Enzyme activity increased under protein restrictive conditions, with the most significant increases occurring in rats on riceand-bean diets. The influence of protein content, however, was significant (P<0.05) only for casein-fed rats. Apart from that, protein quality significantly affected hepatic GGT activity, which was higher for rats submitted to rice-and-bean diets than for those on casein diets. Supplementation with DL-methionine reduced GGT activity, especially in the rats submitted to the 13% protein diet (P<0.05). Thus, the high GGT activity observed in the present study, mainly in rats on rice-andbean diets, could be a consequence of the poor quality of these diets and could be associated with their deficiency in sulfur amino acids. The marked induction of liver GGT observed here for rats fed rice-andbean diets could be justified in the same fashion as the reduction observed in GSH levels. The hepatic GGT activity is also dietdependent and responds both to protein (19) and to sulfur amino acid deprivation (deOliveira IMV and De-Angelis RC, unpublished results). This may justify its elevation in the serum of malnourished children and women, as well as its return to normal activity after nutritional recovery (13) . Even if the results suggest the existence of a relationship between GGT and GSH, no significant correlation could be established between them under the present experimental conditions. For the rats submitted to unsupplemented rice-and-bean diets, linear correlation analysis revealed that GSH concentration was positively associated with weight gain, food intake, and food efficiency (r = 0.61; CL = 0.27, 0.82; P<0.0001). GGT, however, was negatively correlated with food intake only (r = -0.67; CL = -0.91, -0.12; P<0.0001), and exclusively for the supplemented rice-and-bean diet. Even if this topic has not been pursued in this study, previous data (de-Oliveira IMV, Fujimori E, Pereira VG and Lima AR, unpublished results) have established a significant correlation between these two parameters in rats submitted to chronic protein malnutrition.
Diets
In addition, the fact that rice-and-bean diets can cause the depletion of hepatic GSH might suggest that such diets predispose the liver to injuries caused by ingested drugs or other toxins that would normally be cleared by the adequate GSH levels found in normal hepatocytes. A recent review (11) on GSH deficiency in human diseases has provided evidence that severe GSH deficiency might lead to marked mitochondrial damage associated with ethanol-induced injuries in a number of tissues. In such cases, mitochondrial damage seems to be mediated by endogenous production of hydrogen peroxide and other reactive oxygen species produced during normal aerobic metabolism. The authors (11) considered that depleted levels of mitochondrial GSH are inadequate to prevent injury in this situation. Given that GSH levels are sensitive to protein nutritional status, one is justified in expecting a decreased capacity for detoxification and differing responses to the stress associated with infections and inflammation resulting either from malnutrition or from the consumption of rice and beans. Jahoor (20) , in a study about the mechanisms responsible for depletion of systemic GSH in nutritional deprivation and/or in infective and inflammatory conditions, concluded that the biosynthetic supply of GSH is insufficient to withstand an inflammatory challenge in protein-deficient animals.
In conclusion, diet supplementation with methionine or other sulfur amino acids con-taining protein could be important in order to overcome the GSH depletion and to decrease the susceptibility to oxidative stress induced by diets based on rice and beans.
